This study investigates a novelty wavelet application for damage detection of regular and irregular building structures under seismic load effects. The energy of wavelet transform and correlation coefficient are used to detect the performance of the damaged building. The simple 3D regular and irregular simulation (finite element model) models of a building are designed to verify the methods' uses and optimum applications. The obtained results reveal that the energy of Discrete Wavelet Transform (DWT) shows significantly higher performance than the energy of Continuous Wavelet Transform (CWT) in detecting the damage of the building, and the performance of irregular buildings appeared suitable for use in the seismically active areas. In addition, it can be concluded that the correlation coefficient can be applied to study the effects of damage and the safety of structures.
Introduction
The structure's damage detection is one of the important parameters for the structural system identifications [1] . Furthermore, the damage is almost detected in the structures in life service [2] . Therefore, it is important to design a monitoring system and develop methods to detect the damage and enhance the safety of structures. The damage occurs due to changes in geometrical or physical properties of structural members [2] . In addition, the damage assessment and identification are divided into four categories, that is, the presence of damage, the location of the damage in the structure, the severity identification of the damage, and the assessment of remaining lifetime of the structure [3] . Thus, the structural health monitoring (SHM) systems are used to measure the performance of structures, to detect and analyze the changes, and to identify the structural condition categorically.
The model identification methods are used to predict the structural movements and damage and assess the performance. Many identifications models are used to detect and localize the damage, and the wavelet transform (WT) is one of those [2, [4] [5] [6] . WT may be viewed as an extension of traditional Fourier transformation with adjustable window location and size [2, 7] . Furthermore, the WT is considered as an efficient tool for SHM and damage detection [2, [8] [9] [10] . Haifeng [3] proposed the advantages of WT in the analyses of structural performance and damage detection. The main advantage of WT is the ability to perform a local analysis of signal measurements [3, 11] . Thus, it is capable of revealing some hidden aspects of the measurements that other signal analysis techniques fail to detect [11] . Moreover, the WT has emerged as the best tool for the analysis of seismic traces, since it is capable of acquiring high time resolution at higher frequency bands and high-frequency resolution at 2 Advances in Materials Science and Engineering lower frequency bands with an adjustable time-frequency window [3] . This property is particularly cardinal for damage detection applications. Many applications for the structural damage and assessment adopt WT techniques [1] [2] [3] [10] [11] [12] . Most of the applications for damage detection in civil engineering are for regular buildings (experimental study) [12] , trusses [9] , bridges [6] , and beams [8] ; therefore, the novelty application for this method is used in this study for the regular and irregular buildings.
The performances of regular and irregular buildings under seismic loads are presented in [13] [14] [15] [16] [17] . Also, the response controls of the regular and irregular buildings are presented in [18] [19] [20] . The modal analysis of regular building showed that first and third mode shapes had the most dominant modal mass along the longitudinal and transverse directions [17] . Furthermore, the analyses for performance and damage detection of the regular building showed that stochastic damage detection method can be used to detect the damage location and corresponding damage severities when uncertainty or random parameters of the building structure are taken into account [14] . Mazza [16] showed that seismic capacity directions are not necessarily the same at the serviceability and ultimate limit states for the irregular building performance studies. Arangio and Bontempi [21] and Sepúlveda et al. [15] have shown that the output measurements for the structure performance are mostly used to predict the damage of structures. Shao and Tiong [22] expected that more intensity measures could improve the accuracy of the seismic risk estimation. In addition, the nonstructural components which may have an effect on the overall structure integrity for the building members should be studied.
The present study uses a novel application of WT for the regular and irregular buildings' damage detection. The performance of the buildings will be presented in the time domain. The signals coefficient of continuous and discrete methods will be studied. The correlation study of wavelet energy is discussed and the application of correlation is utilized to detect the damage and assess the structures.
Wavelet Theory
Previously, two Fourier transform-(FT-) based parameters, that is, natural frequencies and mode shapes, have been dominantly used in damage detection and assessment of structural integrity [3, 23] . WT-based SHM and damage identification is a newly emerging area of studies in the field of SHM. It is known that the response signals of structures usually share the softening trend as the sample signal. In this case, WT provides a new way to analyze the signal, with its merits of "zoom-in" for transient features and "zoom-out" for slow changes [3] . So, by the introduction of WT, both frequency and time information can be captured for signal analyzing. The WT is categorized into Discrete Wavelet Transform (DWT), Wavelet Packet Transform (WPT), Continuous Wavelet Transform (CWT), and Stationary Wavelet Transform (SWT). Herein, the common methods used in the SHM are DWT and CWT. Numerous studies have used different types of the wavelet transform for detecting structural damage, as in [23, 24] . The fundamental theory of WT is described clearly in [3, 6, 23, 24] . The novelty used in this study is the correlation of wavelet energy for the signal to detect and assess the damage and performance of structures and compare between the methods and structure types. However, in this section we will summarize the methodology and application used in this study.
In this study, we will use the continuous and discrete WT methods. As a type of time-frequency domain analysis method, the CWT can transform time domain data into both time and frequency domains. The flexibility from a wide choice of mother wavelets allows the WT to isolate changes in a signal that may be difficult to detect using other transform methods such as Fourier transforms. The CWT of a set of time domain signals ( ) with respect to the mother wavelet function ( ) is shown in [6, 24] . Consider
where indicates wavelet coefficients of CWT; and are the scale and translation parameters; and * ( ) represents the complex conjugate of the mother wavelet ( ). When using the FT, one usually develops the spectrogram. The WT has scaling factors. The analog to spectrogram is the scalogram, defined as
The scalogram is a measure of the energy distribution over time shift and scaling factor of the signal. It holds that the total energy of a signal ( ) is
where and are the order of scale and translation parameters. The CWT coefficients of signal damaged and undamaged locations of the structure, transformed by the mother wavelet, were compared in contour plots. When the damage was introduced in the structure, peak values of the wavelet coefficients can be observed to shift from higher frequency levels into lower frequency levels in frequency domain. In addition, the wavelet coefficients are observed to be dispersed in time domain. Also, the correlation between the energies of wavelet coefficient for the undamaged and damaged cases is calculated to assess and detect the damage.
On the other hand, the DWT is a linear transformation that operates on a data vector. It is a tool that separates data into different frequency components that are the approximations and the details. The produced low-pass portion of the signal is called the "approximations." They are the highscale and low-frequency components of the original signal. However, the "details" are the high-pass portion which is the low-scale and high-frequency component of the original signal. The decomposition of the original signal using the wavelet analysis is expressed as
where ( ) is the approximations component, ( ) is the details component, and is the level number representing the particular range of frequency content of the signal. The original signal can be reconstructed from the details only without any significant loss of information [25, 26] ; and the detail components of the original signal can be expressed by the linear combination of the mother wavelet as follows:
where represents an index of time scale, , are the corresponding wavelet coefficients, and , are the mother wavelet.
Based on the previous calculations, the total energy of a discrete signal is the sum of the squares of its values and, therefore, the total energy of the original signals or decomposition is as follows:
The DWT can be used to pinpoint the energy of a signal within a particular frequency band. The DWT also provides time resolution; each subband is a time domain signal, allowing for changes in frequency content over time to be detected. This property is important for the real-time monitoring of structures to detect damage as it happens. In addition, the DWT has advantages when the signals being processed are not comprised of pure sinusoids. The signals used in SHM have most of their energy at the natural frequencies of the structure, and decomposition should be done such that the energies at these natural frequencies are confined to specific subbands. Then, if damage to a structure causes a natural frequency of the structure to shift, that damage will be seen clearly as a change in the energy in the corresponding subband. As the same in CWT, the correlation between the energies of discrete wavelet is applied to assess and detect the damage.
Simulation and Seismic Design

Structural Model.
A simulated 3D 3-story momentresisting steel frame building structure with a regular plan on each floor and a total height of 930 mm as shown in Figures 1(a) and 1(b) is designed using Abaqus finite element program. A model was generated according to the properties of previous studies for the shaking table experiments [19, 20] . Diameter of circle section area of steel columns is 5 mm and story height is 310 mm in every story. All degrees of freedom (DOFs) are restricted in base level. Each floor consists of a rigid steel square plate (300 × 300 mm) with 3420 gr weight with three degrees of freedom, translation in -and -directions, and rotation around a vertical line passing through centers of mass in each floor. Therefore, total number of DOFs after application of the boundary conditions, rigid diaphragm, and also Guyan reduction of vertical DOFs and rotational DOFs around -and -axes is equal to 9; however, it was equal to 42 prior to boundary conditions. Each irregular floor is designed by attaching a mass ( = 420 gr) in specific part with steel plate weight 3000 gr; this simulation is designed to compare the effect of same mass in each floor in between regular and irregular buildings systems. Thus, the total weight of each floor in the two cases will be equal to 3420 gr (as shown in Figures 1(b) and 1(c)). The plan eccentricity of irregular case is provided by 2.5 and 6.14% in each floor in -and -directions, respectively ( Figure 1(c) ). Table 1 lists the properties of materials used in members of structural model.
Seismic Load and Damage Level.
The regular and irregular buildings are proposed in Figure 1 . The three points F1, F2, and F3 are monitored and the acceleration response for the three points is measured. The undamaged case is assumed with all elements of columns being 5 mm. Other than the intact structure, two damage cases are studied for both buildings: (D1) 40% stiffness loss of the column F2-F3 element and (D2) 80% stiffness loss of the same element. To assess the seismic performance of buildings cases, a dynamic loading is applied to the structure. A fault actual ground motion measured by strong motion instruments during the Los Angeles (USA) earthquake is selected. The employed shaking provides capability to apply excitation load in the -direction. Figure 2 presents the input signal, frequency domain power spectral density, and response spectra of excitation signal with 5% damping and 1.0 scale factor (SF). In addition, peak ground motion considered is presented in Figure 2 (a); and fundamental periods of vibration for undamaged regular and irregular models, which are estimated by using the computational command provided in the Abaqus program, are 0.0910 and 0.0907 Sec, respectively. As it is clear from Figure 2(c) , the dominant frequency of seismic load is 1.57 Hz; in addition, it can be seen that the provided effective frequency range is between 0.6 and 15.87 Hz.
Results and Discussions
The response assessment and damage detection of building consist of frequency changes and mode shapes, as presented previously. The percentages of relative changes of frequencies to the regular mode for fifth mode of finite element model (FEM) of the building are shown in Figure 3(a) . From this figure, it can be seen that the irregular building is more controlled than the regular building in the undamaged case. Furthermore, it can be seen that the frequencies changes of damage cases D1 and D2 are decreased by 6% on the first two modes and increased from 12.9 to 14.2% on the fourth mode. In addition, it can be seen that the maximum frequency change occurred with irregular cases. This implies that the irregular building is more uncontrolled with damage cases; this can be used for emergence of the human used building in the earthquake that occurred. Herein, we recommended that the best model design is irregular building in the seismic areas, more control in the undamaged case, and high emergency in damaged case. The high power frequency and high power spectrum density (PSD) of measured acceleration of point F3 are shown in Figure 3(b) . From this figure, it can be seen that the measured frequency changes are increased clearly for the regular and irregular cases. Also, it can detect the damage of structures based on the values of power spectrum of signals measurements. In addition, it can be observed that the PSD of regular case is decreased with damage effect while the opposite occurred with irregular case. Therefore, it can be concluded that the measurement response is found to be a good tool to detect the performance and damage of structures. From this result, the significance of structural health monitoring advantages can be understood.
Continuous Wavelet Analysis.
This section discusses results of WT for the buildings, regular and irregular, in vibration and damage, D1 and D2, to study the effectiveness of WT energy methods and predict the damage. The Daubechies wavelet (DB10) was used in both Continuous Wavelet Transform and Discrete Wavelet Transform. Figure 4 Advances in Materials Science and Engineering illustrates the continuous wavelet coefficients (CWC) of F3 for the undamaged and damaged cases of the regular and irregular buildings. From Figure 4 , it can be seen that the distribution of CWC on the time for the regular building is greater than the distribution of CWC for the irregular building. In addition, it can be shown that the high CWC is observed at 4.5 and 5 sec for the regular and irregular buildings, respectively. Moreover, it can be seen that the CWC for the irregular building is lower than regular one after the high amplitude of acceleration release. The comparison of CWC for the two buildings has shown that, also, the performance of regular building during and after shaking has taken longer time than irregular building. Therefore, it means that the irregular building is better than the regular one in the performance during shaking effects. From the comparison between damage D1 and undamaged case for the two building cases, it can be seen that the CWC is higher with irregular damage case and the high coefficients are observed at 3.7 sec. In addition, it can be observed that the time performance for the irregular building in the damage case is greater than regular case. The performance of building due to damage is shown on the CWC density. Furthermore, it can be shown that the performance of two buildings is approximately the same after the maximum amplitude of shaking effects. Similarly, from the comparison between the D2 and D1 cases, it can be seen that the lower CWC (10) is observed in the case of D2. In addition, it can be shown that the coefficients amplitude is increased as the damage increased. From these results, it can be concluded that the irregular building has more stability and lower performance than regular case in undamaged case. The two cases of building are approximately the same in performance in damage case, while the irregular building is shown to be the more emergent one. It means that the recommended case of building in the seismic zones is irregular one. The CWC has shown high sensitivity for the shaking effects and can be used to detect the damage. In addition, the lower coefficients amplitude should be considered to define the damage level. Figure 5 presents the performance of F1 and F2 for the regular building in the case of damage D2. From Figures 5  and 4 (regular floor F3) , it can be seen that the performances of three floors are approximately the same, but it can be observed that the high CWC occurred at F1 and after that the floors F2 and then F3. It implies that the CWC can be used to detect the damage location. Figure 6 illustrates the total energy of CWT of regular and irregular buildings. From Figure 6 , it can be seen that the energies of three floors in the two cases, regular and irregular, are highly correlated (0.99) in the undamaged case. In addition, it can be seen that the high energies of three floors are increased with damage cases D1 and D2. Moreover, the high energy scale is decreased when damage occurs. Also, it can be observed that the correlation between energies for F2 and F3 is 0.99 and 0.96 in damage D2 for the regular and irregular buildings, respectively, while the correlations between F2, F3, and F1 are 0.99 and 0.99 for the regular building and 0.98 and 0.93 for the irregular building. Also, it can be seen that the correlation between undamaged and damaged cases is low (0.60 and 0.63 for the regular and irregular buildings, resp.). It infers that the correlation coefficient of energy can be used to detect the damage and location. Furthermore, the maximum energy has occurred at F2 and F3 (damage location). It means that the high energy refers to the damage occurrence.
From the comparison between two cases of building, it can be seen that the performances of total energies of buildings are approximately the same with the change of maximum energy (at scales 13 and 24 for regular and irregular buildings, resp.). In addition, it can be seen that the performance of energy contents of irregular case reverts back to the performance of undamaged case more than the regular case. Moreover, the correlation between F1 and F2 and between F1 and F3 for the irregular case is shown to be lower than the regular case. Furthermore, it can be observed that the maximum energy occurred with D1 in the regular case while it occurred with D2 in the irregular case. This means that the irregular buildings are more stable and emergent with seismic shaking effects.
Discrete Wavelet Analysis.
The approximation and detail decomposition of DWT of the acceleration signal of regular F3 from level 1 to level 6 are presented from top to bottom in Figure 7 . The Matlab function "wmaxlev" is used to calculate the number of decomposition levels. The levels of regular and irregular buildings are found in Figures 6 and 7 respectively. Therefore, the 7th level is used to calculate the wavelet energy. The total energy of building based on DWT is presented in Figure 8 . Figure 8 illustrates that the total energy of F3 is higher than F2 and F1 in the two cases of buildings. In addition, it can be shown that the maximum total energies for the regular and irregular buildings are 2.3 4 and 1.8 4 m 2 /sec 3 , respectively. Furthermore, it can be seen that the total energy of regular damage D1 is decreased by 27.4, 33.3, and 32.3% on F3, F2, and F1, respectively. Also, damage D2 is decreased on F3, F2, and F1 by 30.4, 38.8, and 37.0%, respectively. Moreover, the total energy of irregular damage cases D1 and D2 is affected by 5.6, 14.3, and 7.8% and 11.1, 17.8, and 14.2% for the different roofs (F3, F2, and F1), respectively. From this figure, it can be concluded that the two building types are affected by different damage, but it can be seen that the irregular building is more emergent and safe in the seismic areas. In addition, it can be seen that the correlations between the total energies of levels for the undamaged and damaged cases D1 and D2 for the F3 of the regular building are 0.987 and 0.983, respectively. In the same case for the irregular one, it is shown that the correlations are 0.956 and 0.931. The correlation for F2 is shown to be 0.987 and 0.939 for the regular and irregular buildings, respectively, at damage D1. As the same damage case, it can be seen that the correlations for regular and irregular buildings are 0.982 and 0.935, respectively, for the F1 floor. From the correlation value, it can be concluded that the correlation values can be used to detect the performance of buildings and classify the types of building while it can be seen that the regular one has higher correlation than the irregular one. So, based on the degree of the irregularity, the correlation should be decreased.
The energy of each level of DWT is illustrated in Figure 9 . From this figure, it can be seen that the dominant levels for the regular building are 4 by 49.5% then level 3 by 32%. Moreover, the levels of the irregular building are shown to be dominant at levels 3 and 4 by 40.3 and 46%, respectively. The performance damage of two buildings is shown to be approximately similar to the two damage cases; the damage cases are dominant at level 3. In addition, it can be shown that the maximum energy of the irregular building is smaller than the regular one by 8%. In addition, the correlation between the distributions of undamaged and damaged D1 cases has shown that the correlations of F3 floor for regular and irregular buildings are 0.572 and 0.649, respectively. It means that the distribution of the irregular building and energy is more suitable than regular one in the cases of damage. Moreover, with damage, the roof response correlation trend decreases dramatically for all frequency level contents except for the lowest level which suffers less decrease; however the correlation coefficient of the highest frequency level (levels one and two) increases with the increasing damage.
The comparison of CWT and DWT in the two cases shows that the total energy of continuous and distribution of discrete levels have observed the damage and can be used to detect the damage. In addition, it can be seen that the correlation coefficient values for the discrete are lower than continuous one. Furthermore, the total energy of discrete method is clearer than the continuous one. Therefore, it can be concluded that the discrete wavelet energy is more suitable to detect the damage and study the effect of damage. Also, it can be noted that the correlation coefficient can be used to study the effects of damage and study the safety of structures.
Conclusions
The wavelet transform is proposed as a damage detection and performance analysis method to study the regular and irregular buildings behavior. To investigate the performance of the proposed method and buildings types, two different 3D modular steel structures are designed using FEM. The new damage detection and performance analysis methods are proposed using wavelet energy of wavelet contents. Two wavelet energy contents of CWT and DWT are used in this study. The correlation coefficient used in detecting structural (regular and irregular buildings) damage and performance was applied to find optimum methods of the wavelet to classify the damage of structures. The energy of DWT shows significantly higher performance than the energy of CWT in detecting damage of building, which has little and high effect on the model properties of buildings types. The performance of regular and irregular buildings during seismic loads effects and damage detection of two types of buildings show that the irregular buildings are suitable to use in seismically active areas. In addition, it can be noted that the correlation coefficient can be used to study the effects of damage and study the safety of structures based on the energy of wavelet transform. Finally, an experimental work and field observation are needed to complement the real analytical studies.
